ECENT advances in three-dimensional computerized tomography and magnetic resonance imaging techniques have markedly improved their quality. 2, 3, 13, 14, 16 The authors of several recent reports discuss virtual reality; changing the viewpoint continuously in spatial coordinates enables a virtual reality that simulates the experiences of performing endoscopy, bronchoscopy, cystoscopy, and colonoscopy. 1, 4, 5, 17, 19 However, a simulation of the morphological changes that occur during surgery has not yet been created. To aid neurosurgery, virtual reality should be designed as if the surgeon were actually manipulating the surgical fields, and studies of morphological changes are essential to simulate surgical manipulation.
center of displacement toward each polygon (Fig. 2) . The intensity of displacement was calculated by using a cosine-based formula as follows: g(⍜) = f ϫ cos n ⍜ where f is a constant used to determine the intensity of the displacement, n is a constant used to determine the shape of the displacement, and ⍜ is a variable ranging from 0 to 90˚. 12 When constants of the formula were appropriately manipulated, we could obtain models to simulate various shapes of aneurysms.
Simulation of Clip Movement
We created axial and lateral images of models of a straight Sugita clip. 18 The x, y, and z coordinates of each reference point were configured to display the contours of the clip. After we manually entered input points, interpolated points were calculated using the application program and each point was connected by smooth curves passing through the point in a regular progression. 10 The clip was represented with full-color gradation of shading by using a Z-buffer algorithm ( Fig. 3 ). 8, 9, 12 To open and close the clip, the center of rotation of each blade was determined near the tip of the clip head. The clip was integrated with the coordinates of the aneurysm model to simulate the manipulation that occurs during clipping.
Morphological Changes Caused by Compression of an Aneurysm Neck
To simulate the morphological changes that occur during clipping of a saccular aneurysm, we decided that the direction of clipping would be parallel to the z axis, the neck compressed along the x axis, the dome protruding upward along the y axis, and the neck distended along the z axis ( Fig. 4 left) . Morphological changes along each axis were calculated by using another formula as follows: g(⍜) = a ϫ sin(⍜) + b ϫ cos(⍜) + 1 where a and b are constants used to determine the intensity of the displacement and ⍜ is a variable ranging from 0 to 180˚. We decided that the point that represented the minimum distance displaced toward the top of the dome should correspond to 0˚. On the other hand, the point that represented the maximum distance displaced corresponded to 90 or 180˚ ( Fig. 5 ). When constants of the formulas were appropriately manipulated in three axes, and coordinates of the surface contours were displaced using the intensity multiplied by each formula, we could simulate the morphological changes in the aneurysm that occur during clipping ( Fig. 4 right) . We designed the simulation program so that the intensity of morphological changes in the aneurysm would be stronger when the clip was closed more tightly ( Fig. 6 ).
Results
After scaling, rotating, and shifting the aneurysm clipping model, the coordinates were integrated with those from a standard anatomical model of a BA bifurcation and relevant structures ( Fig. 7 ). 9 Using this system, it took approximately 90 seconds to obtain a view of the computergraphics model. The positions of the clip and clip applicator were changed continuously, and various views of the computer graphics model were designed to produce a video clip. We created a computer simulation program, in which a BA bifurcation aneurysm was clipped via the right transsylvian approach through the perforating arteries ( Fig. 8 ). The dome of the BA bifurcation aneurysm was compressed by a closing clip as if a surgeon actually manipulated the BA aneurysm. 
Discussion
Although recent advances in computerized tomography and magnetic resonance imaging have markedly improved the quality of these techniques, 2,3,13,14,16 images obtained using these systems hardly simulate microstructures in a deep area or show the anatomical relationships of microstructures such as perforating arterial branches or cranial nerves. Using the voxel-rendering method, authors of several recent reports have discussed virtual reality. 1, 4, 5, 17, 19 However, they have not devised a simulation of morphological changes. Although there has been a study of experimental compression of brain tissue, 15 simulations of surgical manipulations such as retraction, dissection, and clipping are necessary for application of virtual reality to microsurgery.
We have introduced the concept of a virtual retractor used to displace structures obstructing the view along a critical path at the base of the brain. 12 Studies of morphological changes are essential to achieve virtual manipulation during microsurgery of cerebral aneurysms. In this article, we devised the concept of virtual clipping to simulate the manipulation that occurs during aneurysm clipping.
When we prepared various clipping models and integrated one of these models to coordinates prepared to represent microsurgical anatomy such as BA bifurcation, 9 we could simulate the manipulation that occurs while clipping a BA bifurcation aneurysm. A true representation of what actually happens during this manipulation is much more complex, and the clipping simulation presented in this article is not accurate enough to show the coordinates of the displaced structures. In addition, the formulas presented in this article are insufficient to simulate aneurysm clipping, because actual manipulation would induce a variety of morphological changes not only in aneurysm domes, but also in parent arteries, branching perforating vessels, and residual necks. However, after this method is improved, we will be able to create various computer simulations to represent a skillful surgeon manipulating complex anatomy. Such computer-graphics models would become important reference tools to display anatomical relationships and to facilitate surgical orientation for open microsurgery.
To use virtual reality for open microneurosurgery, it is necessary to make standard computer-graphics models of microstructures that have as high resolution as figures obtained from dissection in a cadaver. 8, 9 Improvement of a rendering technique such as translucent fashion is desir- able to represent deep and superficial structures simultaneously. We have striven to devise a technique of virtual manipulation of microstructures in an attempt to establish a revolution in surgical navigation. Studies of morphological changes that occur during surgical manipulation can be used in surgeries in general. After multiple computergenerated models representing various anatomical variations and surgical manipulations are prepared, multiple image-based data of the brain can be used for virtual reality in microsurgery.
